The perienteric hemoglobin of the parasitic nematode Ascaris has an exceptionally high affinity for oxygen. It (6, 7). In addition, each subunit contains a highly charged C-terminal tail of 23 residues, which in part may be responsible for octamerization of the subunits (6, 7). The functional role ofAscaris hemoglobin is not clear, since the rate of oxygen release (half-time of several minutes) is too slow for normal delivery.
The parasitic nematodeAscaris suum contains a hemoglobin in its perienteric fluid of exceptionally high affinity for oxygen, 104 times greater than for mammalian hemoglobins and 102 times higher than for mammalian myoglobins (1) (2) (3) . The protein is an octamer of subunit molecular mass 43 kDa (4, 5) ; each subunit consists of two equal size globin domains in tandem (6, 7) . In addition, each subunit contains a highly charged C-terminal tail of 23 residues, which in part may be responsible for octamerization of the subunits (6, 7) . The functional role ofAscaris hemoglobin is not clear, since the rate of oxygen release (half-time of several minutes) is too slow for normal delivery.
The two globin domains of Ascaris hemoglobin are highly homologous; they have 62% amino acid sequence identity with no insertions or deletions over a stretch of 149 residues (6, 7) . The domains are similar to those of a hemoglobin with equally high oxygen affinity from the closely related nematode Pseudoterranova decipiens (8) . Domain 1 (D1) ofAscaris hemoglobin has been cloned and expressed in Escherichia coli and shown to be monomeric in solution (9) . The spectral properties and oxygen-binding affinity are similar to those of the native octameric hemoglobin, indicating that the oxygen-binding properties are independent of domain association or oligomerization.
The nature of the high oxygen affinity has been studied kinetically by analysis of the protein sequence and by mutagenesis (1) (2) (3) (10) (11) (12) . The rate of oxygen association, with a second-order rate constant of 1.5 x 106 M-1-s-1, is 10-fold lower than that of myoglobin, whereas the oxygen dissociation The (10) , probably due to steric hindrance in the myoglobin pocket.
Evidence for the importance of the B10 and E7 residues in oxygen affinity arises from mutagenesis studies of D1 of Ascaris hemoglobin (11, 12) . Replacement of Tyr-B10 by Phe or Leu increases the oxygen dissociation rate about 200-fold and 600-fold, respectively, whereas substitution of Gln-E7 by Leu or Ala increases the rate 5-fold and 60-fold, respectively. Kloek et aL (11) and De Baere et at (12) have proposed that, compared to myoglobin, the increased affinity for oxygen of the Ascaris heme pocket results from formation of two hydrogen bonds to the liganded oxygen molecule, one from Tyr-B10 and the other from Gln-E7.
We report here the crystal structure § of recombinantAscaris hemoglobin D1. The model demonstrates the overall structural similarity to myoglobin and provides insight into the source of its high oxygen affinity.
MATERIALS AND METHODS
Crystal Growth and Data Collection. Preparation, purification, and crystallization of recombinant D1 have been described (9, 11 (14) . Single isomorphous replacement phases were combined with anomalous scattering data from the native and derivative crystals to determine the absolute configuration of the mercury sites and to compute an electron density map of the native protein. The map was improved by solvent flattening (15) . Initially, a model of sperm whale myoglobin was fitted to the map; the heme group and most of the main chain atoms could be positioned in the electron density. Several of the side chains were then "mutated" to the Ascaris sequence on a Silicon Graphics Indigo workstation using the graphics program TURBO-FRODO (16 (20) ,
RESULTS
Structure Analysis. Extensive use of the structure of myoglobin was made during interpretation of the electron density map. Helical segments surrounding the heme group were identified on the basis of the myoglobin structure, and the appropriate amino acids were replaced. Extension of the model building to the nonhelical regions joining these segments was more difficult but eventually successful. Interpretation of the map was particularly difficult in some regions where some or all of the density for some side chains was not visible and positioning of them was somewhat arbitrary. Thirteen residues, all on the surface, showed weak or absent side chain density, even though the main chain density was clear.
Ten of these were at the ends of helices or in nonhelical segments and generally corresponded to regions of high main chain temperature factor. In addition, the last three residues at the C terminus of D1 were not visible.
The final model shows good stereochemistry (Fig. 1) (Fig. 2) . The structural alignment of D1 and sperm whale myoglobin proposed by De Baere et al (6) , based on a number of conserved features within the globin family, is essentially correct (Fig. 3) , further verifying the underlying assumptions. When the C" backbone of D1 and recombinant sperm whale myoglobin (19) are compared, the rms deviation of C" positions is 1.77 A for 131 equivalent residues, with five insertions or deletions of 1-4 aa each in theAscaris sequence with respect to myoglobin (Fig. 3) . These are located in the AB loop (four-residue insertion), in the CD loop (one-residue deletion), at the beginning of the F helix (three-residue insertion), in the FG loop (one-residue insertion), and in the GH loop (two-residue insertion). Helices B and F differ to the greatest extent between the two structures, with rms deviations of 2.1 and 2.3 A, respectively, between equivalent C" positions. The rms deviation for the remaining helices is 1.34 A.
Heme Binding. After C" alignment of D1 and myoglobin, the two heme groups are found to be tilted by 9°with respect to one another, and the iron atoms are displaced by about 1.0 A (Fig. 4) (Fig. 4) The nearest neighbors to dioxygen (within 6 A) in D1 and myoglobin are compared in Table 1 . The side chains of CD1, (Fig. 5 ). In the B10 L F mutant of myoglobin (13) , the phenyl ring is similarly displaced from Tyr-B10 of D1, again by about 2.5 A (Fig. 5) .
A straightforward replacement of Phe by Tyr by computer graphics suggests that in the myoglobin B10 L --Y mutant the Tyr hydroxyl might approach too close to 02 of dioxygen, preventing strong binding of dioxygen.
One other major difference between D1 and myoglobin is the presence of a water molecule, W323, in the myoglobin dioxygen binding pocket, which is located 2.5 A from 02 and presumably able to form a hydrogen bond to it. No water is found in the interior of D1. However, there is an internal cavity Tyr B10 in D1 sufficiently large for a water molecule and centered close to W323 of myoglobin.
DISCUSSION
The enhanced oxygen avidity ofAscaris hemoglobin is due to an unusually slow off-rate. This can in large part be explained in terms of the interaction of oxygen with the surrounding protein side chains as found in the D1 crystal structure. There is a strong hydrogen bond from Tyr-B10 O1n to 02 of dioxygen and a weak hydrogen bond from Gln-E7 Nf to 01 of dioxygen. The latter hydrogen bond is bifurcated with respect to a stronger hydrogen bond from Gln-E7 NE to Tyr-B10 07. In mutational studies, substitution of Gln-E7 by Leu inAscaris D1 increased the oxygen off-rate 5-fold, compared to a 300-to 600-fold increase when the Tyr-B10 hydroxyl was removed (11, 12) . Clearly, the strong hydrogen bond from Tyr-B10 to ligand is the major determinant of oxygen avidity. The (26) in addition to mutagenesis studies (25, 27) .
In myoglobin, when Leu-B10 is replaced by Phe, the oxygen dissociation rate drops 10-fold (13) . Yet, further substitution by Tyr increases the rate nearly 50-fold (10) . This is thought to be due to steric hindrance by the Tyr hydroxyl group. InAscaris D1, the Co position of B10 is displaced by about 2.5 A from that in myoglobin when the heme groups are superimposed (Fig. 5 ). This shift is largely parallel to the heme plane, so that the B10 Ca to iron distance is only 0.25 A longer in D1 than in myoglobin, and the B10 Ca to dioxygen distance is only 0.1 A longer. Yet the 0'n hydrogen ofAscaris Tyr-B10 is 0.7 A further from the dioxygen than that of a myoglobin with Tyr-B10 (modeled on the established Phe-BlO structure of ref. 13 ). The 2.5 A lateral shift of the B helix therefore might account for the stabilization of D1 oxygen binding compared to the Tyr-B10 mutant of myoglobin, although strong conclusions cannot be made based on model building.
The Ascaris D1 Tyr-B10 would actually be shifted too far away from the ligand, except that the heme is tilted toward the distal pocket, perhaps as a result of F helix substitutions. Compared to myoglobin, His-F8 of Ascaris D1 is oriented 
